Recently, giant planar Hall effect originating from chiral anomaly has been predicted in nonmagnetic Dirac/Weyl semimetals. ZrTe 5 is considered to be an intriguing Dirac semimetal at the boundary of weak topological insulators and strong topological insulators, though this claim still remains controversial. Here, we report the observation in ZrTe 5-δ of the giant planar Hall resistivity that shows two different magnetic-field dependences as predicted by theory and a maximum at the Lifshitz transition temperature. We found that the giant planar Hall resistivity fades out with decreasing the thickness of ZrTe 5-δ nanoplates, which may be ascribed to the vanishing of the 3D nature of the samples. In addition, we have observed a nontrivial Berry phase, chiral-anomaly-induced negative longitudinal magnetoresistance, and a giant in-plane anisotropic magnetoresistance in these ZrTe 5-δ nanoplates. All the experimental observations demonstrated coherently that ZrTe 5-δ is a Dirac semimetal.
Dirac and Weyl semimetals as new type quantum materials have drawn tremendous attention recently for the novel physics and potential applications. [1] [2] [3] [4] [5] [6] [7] [8] One of the most intriguing magnetotransport properties in these materials is the chiral-anomaly-induced negative magnetoresistance (NMR). [5, 9, 10] Although NMR is considered a signature of Dirac or Weyl semimetals, several extrinsic factors, such as current jetting and conductance fluctuation, may also lead to NMR. [11] [12] [13] [14] Very recently, giant planar Hall Effect (PHE) was predicted theoretically to appear in Dirac and Weyl semimetals, [15, 16] where PHE refers to the transverse voltage when a magnetic field is applied in in-plane with the electrical current. PHE is a weak magnetic field effect and usually observed in ferromagnetic materials where it originates from the spin-orbit coupling. [17] [18] [19] Different from in ferromagnetic material, the PHE in topological Dirac and Weyl semimetals was theoretically demonstrated to originate from nontrivial Berry phase and chiral anomaly [15, 16, [20] [21] [22] [23] [24] . The angular dependence of PHE resistivity and longitudinal anisotropic magnetoresistance in Dirac and Weyl semimetals can be described as [15, 16] 
where chiral // ρ ρ ρ ⊥ ∆ = − is resistivity anisotropy induced by chiral anomaly and berry phase, ⊥ ρ and // ρ are the resistivity for a magnetic field applied transversely and parallel to the current in the current plane, respectively.
The monolayer ZrTe 5 was initially predicted and demonstrated to be a 2D quantum spin Hall insulator. [25] [26] [27] Although Angle-resolved photoemission spectroscopy (ARPES) experiments showed directly that a bulk ZrTe 5 is a weak topological insulator (TI), [28] it was also demonstrated that bulk ZrTe 5 is a 3D Dirac semimetal by the observation of chiral anomaly in magnetotransport [29] and nontrivial Berry phase, [30, 31] and by magneto-infrared spectroscopy. [32] More interestingly, it has been shown that the Dirac semimetal states will appear in ZrTe 5 at the boundary of strong and weak TIs. [33] [34] [35] Therefore, the nature of layered transition metal chalcogenide ZrTe 5 is still under hot debate and more evidence is needed to uncover its Dirac semimetal state.
In this letter, we reported the observation of chiral-anomaly-induced planar Hall Effect in deposited by e-beam evaporation. The magneto-transport measurements were carried out on a physical property measurement system (Dynacool system, Quantum Design Inc.) by standard lock-in methods. [36] The crystal structure of ZrTe 5-δ was imaged using a monochromated Cscorrected high-resolution scanning transmission electron microscopy. The ionic gating on ZrTe 5-δ devices was carried out using LiClO 4 +PEO+methanol as the solid electrolyte. [37, 38] Figure 1(a) shows the optical image of a typical exfoliated ZrTe 5-δ micro-ribbon device and measurement configuration of PHE ( xy ρ ) and AMR ( xx ρ ). [36] The high angle area dark field image of ZrTe 5-δ (ab plane) is shown in Fig. 1(b) . The unit cell of ZrTe 5-δ in a-b plane is indicated by the white dashed rectangle, in which Zr and Te atoms are highlighted with green and purple dots for clarity. The lattice constant along b is identified to be ~14.5 Å. According to the previous report, ZrTe 5 will transform from strong TIs to weak TIs with increasing the lattice constant b larger than 14.46 Å, whereas the Dirac semimetal states will appear at the boundary of the transformation. [33, 34] Therefore, the lattice constant of our sample supports the existence of Dirac semimetal state. 1(d) and its inset. [36] The anomalous Hall effect at low magnetic fields in Fig. 1(d) was observed in previous reports, [38, 40, 42] which were interpreted within the frameworkof Berry curvature generated by Weyl node in ZrTe 5 . [42] To explore the physics of the quantum magneto-transport underlying the experimental data ( Fig. 2(a) (Fig. 2(b) ). A small shoulder at B=5.3 T, indicated by the arrow, can be ascribed to the effect of spin splitting. [30] To extract the Berry phase, we plotted the Landau fan diagram in Fig. 2 Typically, we found that planar xy ρ becomes much more symmetric ( Fig. 3 (e)) and shows two-fold feature over 360°. However, the data cannot be directly described by Eq. (1) 
The first term is the intrinsic PHE originating from chiral anomaly; the second and third terms are respectively the in-plane AMR and longitudinal resistance offset caused by the misalignment of Hall bar. However, compared to the standard longitudinal anisotropic magnetoresistance observed in these devices (Figs. 4(a) ), the angular dependent longitudinal misalignmentresistance is quite small, evidenced by the small resistance shift in Hall effect ( Fig. 1(d) (1) and (2) . [15, 16, 36] Generally, the anisotropic magnetoresistance in conventional magnetic materials is quite small and is caused by the spin orbit coupling. [17] The giant AMR in this study reaches as high as -43% at 2 K and 14 T, which is believed to be closely related to the giant PHE induced by chiral anomaly. [21, 22] . It should also be noted that chiral xy ρ increases monotonically to 254.0±2.0 µΩ cm as the magnetic field is increased to 14 T. This giant PHE observed in our ZrTe 5-δ device is about four orders of magnitude higher than that observed in conventional ferromagnetic metals. [19] To gain a deeper insight into the physical mechanism underlying the giant PHE, we plotted typical chiral xy B ρ − curve for t =67 nm thick device in Fig. 4 To further consolidate our argument, we investigated the effect of ionic gating on planar Hall effect in ZrTe 5-δ . Given to the relative high carrier density in ZrTe 5-δ , it is almost impossible to tune the carrier density in thick devices (e.g. t=174 nm). [36] We indeed observed the shift of MIT temperature from 120 K (V g =0 V) to 340 K (V g =3.0 V) under the ionic gating in thin device (t=30 nm), in agreement with previous gating experiment. [38] Nevertheless, limited by the relative weak planar Hall effect in thin ZrTe 5-δ , it is hard to investigate the gating effect on planar Hall effect.
[36] Therefore, we carefully examined the gating effect on a device with moderate thickness (t=58 nm), as displayed in Fig. 4(e) . By applying V g =1. 
FIG.2S
Magnetic field dependent Hall resistivity at various temperatures, which is more detailed than that in the inset of Fig. 1(d) . We can obtain the carrier density and mobility through two-band model, [2, 3] where n 1 (n 2 ) and μ 1 (μ 2 ) are the carrier density and mobility for the Dirac band and the second band. shows the fitted dependence of carrier density and mobility of both bands on temperature.
Obviously, in the metallic and insulating regime (Tc~ 135 K), the dominated carrier types are ntype (negative carrier density) and p-type (positive carrier density), respectively. And the mobility of Dirac band is much higher than the second band. Our observation agrees well with previous work. [3] The fitted parameters are also consistent with the physical picture of giant planar Hall effect. When the Fermi level is near the Dirac point, the planar-Hall-effect caused by the chiral anomaly and berry phase of carriers will be maximum. . This temperature dependence is completely the same as that we observed in Fig. 4(c) and Fig. 9S(f) . The chiral anomaly reaches its maximum near 150 K and persisted up to 300 K.
